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[57] ABSTRACT 

A solid film lubricant system for protecting metal wear 
interfaces subject to high temperatures and wet lubrica- 
tions, comprising an oil-attracting solid lubricant mix- 
ture with at least two elements selected from the group 
of graphite. M0S2 and BN; a support (i.e., hard lands or 
hard sublayer) for the mixture to loads of at least 10 psi 
at temperatures of dOO^'-^OO" F. while being thermally 
stable, a thermally stable thermoset polymer matrix 
adhering the mixture to the support or the wear surface, 
the polymer having inherent hydrocarbon chemical 
attraction to form a tenacious oil film of the lubricating 
oil on the wearing surface. A method of making anti- 
friction coated surfaces comprising providing a light 
metal based cylinder surface Q.e., metal base or alloys of 
aluminum, titanium, or magnesium); exposing nonoxi- 
dized metal of the surface; applying a high elastic modu- 
lus load-supporting metal layer cmto at least portions of 
the light metal cylinder surface; and shnultaneously 
distributmg a solvent-based soUd film lubricant mixture 
and thermoset polymer onto at least portions of the 
layer at about room temperature to form a coating of 
desired thickness. An engine block with one or more 
antt-friction coated cylinder bore surfaces, comprising a 
hard, load-supporting face on the bore surface; and a 
coating on the face comprised of an oil-attracting solid 
lubricant mixture and a thermoset polymer that sup- 
ports loads of at least 10 psi at temperatures of 
600*-800' F. and is stable at such temperatures. 

22 Clahns, 13 Drawhig Sheets 
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cants used. Particularly significant is the fact that the 

THERMOSKT POLYMER/SOLID LUBRICANT formulations were designed to produce a ceramic com- 

€0 AUNG SYSTEM patible oxide (e.g., copper oxide or nickel oxide) 

through partial oxidation of the metal in the formula- 

BACKGROUND OF THE INVENTION 5 tion. These systems were designed to permit as much as 

1. Technical Field 300-500 microns wear. In the cylinder bore application, 
This invention relates to the art of fluid lubricated only 5-10 micron wear is permitted. 

metal wear interfaces or contacts, and more particularly It is an object of this invention to provide a coating 

to the use of anti-friction solid fihn lubricants for such composition that economically reduces friction for high 

interfaces modified to withstand high unit scraping or temperature applications, particxilarly a]ong a cylinder 

bearing loads at high temperatures while functioning bore wall at temperatures above 600** F. when oil lubri- 

with either Mi or partial wet lubrication. cation fails or when oil flooding is present (while suc- 

2. Discussion of the Prior Art cessfully resisting conventional or improved piston ring 
The utility of certain solid film lubricants for bearings applied loads). 

has been known for some time. U.S. Pat No. 1,654,509 Another object of this invention is to provide a lower 

(1927) discloses use of powder graphite trapped or cov- cost metiiod of making anti-friction coated cylinder 

ered by a metal binder Ci.e., iron, aluminum, bronze, tin, walls of light metal by rapidly applying select materials 

lead, babbitt, or copper) to form a thick coating; all of at room temperature in reduced or selected areas of the 

the metal is heated to at least a thermoplastic condition bore wall while achieving excellent adherence and pre- 

by melting or arc spr^ to bury the graphite. The 20 deposition, the method demanding less rough and 

coatmg offers hmited fhction reducmg characteristics. finish machining of the bore surface 

Unfortunately © the graphite is not exposed except by still another object of this invention is to provide a 

sign^cant w^of the metel, thus never reahzing sigmf- ^^ated akminmn aUoy cylinder wall prtxluct in engine 

L^nrin?io^^^ tiiat assists in achievmg© at least about a 25% reTc- 

KX^ra^Ttii^^^ Jv"l?a?tsr5niS^ 

metal serve as the primary lutecant. ^fj fjf"^^ ^^f^ miproved vehicle 

Tlie^or art ha^XTpprSd the advantage of ?I ^^^^ 

thermaS^spraying (by ox^Klmninmn broi^^as a K,^^ t'^^^TT^ 

soUd fihi libS onto cylinder bore surfaces of an 30 leducmg engme vibration by at least 20% at 

engine as demonstrated in U.S. Pat. No. 5.080,056. The ^^<^^on at moderate speeds 

lubricating quality of such coating at high temperatures * wi^-iuuo rpm. 

is not satisfactory because 0 it lacks compatibility with SUMMARY OF THE INVENTION 

piston ring materials which usually comprise cast iron, . . • r- 

molybdenum coated cast iron, or electroplated hard 35 The mvention, ma first aspect* is a solid fihn lubricant 

chromium; and Oii) thermal spraying of the material by system useful in protecting a metal wear interface sub- 

oxy-fucl is not desirable because of very high heat input ^ temperatures. The system comprises: (a) an 

necessitating elaborate tooling to rapidly dissipate heat oil-attractmg solid lubricant mixture comprising at least 

to avoid distortion of its coated part *^ dements selected from the group consisting of 

One of the coauthors of this invention has previously 40 giaphite, M0S2 and BN; (b) means effective to support 

disclosed certain solid lubricants operable at high tem* said mixture under loads of at least 10 psi at tempera- 

peratures, but designed for either interfacing with ce- of 600*-«00* F. while being stable at such ten^)er- 

ramics, not metals, at low load Explications in the ab- atures; and (c) thermoset polymer matrix adhering said 

sence of any liquids, or with metals in an oilless environ- mixture to the support or tiie wear surface, said polymer 

menL One solid lubricant disclosed comprised graphite 45 *5eing stable at dOO"-800' F. and having inherent hydro- 

and boron nitride in a highly viscous thermoplastic carbon chemical attraction to form a tenacious oil film 

polymer binder spread in a generous volume onto a seal lubricating oil on the wearing surfece. 

support comprised of nickel and chromium alloy. The The means for supporting the mixture may comprise 

formulation was deigned to provide a hard coating (^) ^^o^ in the interface that extend above the polymer, 

which softens at the sur&ce under load while at or 50 or (b) a transition zone material or substrate between 

above the operating temperature and functioning only the polymer and interface that provides an elastic mod- 

under dry operating conditions. Thermoplastic polymer ulus - exceeding 5 million psi, tiie material or substrate 

based formulations, without modification, are unsatis- being comprised of ingredients selected from the group 

factory in meeting the needs of a highly loaded engine of: (t) nickel, copper, cobalt, iron, or manganese (ii) 

component, such as a cylinder bore, because the inter- 35 intermetallxc compounds derived from nickel, chro- 

facing sur&ces are subject to wet lubrication, the unit mium, aluminum, vanadium, iron, tungsten, manganese, 

loads are significantly higher (approaching 500 psi), and and molybdenum; and (iii) cast iron or steel. The sys- 

the surface temperatures are higher, causing scraping. tern's soUd lubricants preferably should have a submi- 

Another solid lubricant disclosed was halide salts or cron average particle size. The proportions for the se- 

M0S2 (but not as a combination) in a nickel,* copper, or 60 lected solid lubricants preferably comprise 29-58% by 

cobalt binder; tiie coating, without modifications, weight graphite, 29-58% by weight molybdenum disul- 

would not be effective hi providing a stable and durable fide, and 7-16% by weight boron nitride. The thermo- 

anti-friction coating for the walls of an internal combus- set polymer is preferably comprised of a thermoset 

tion cylinder bore, because the formulations were de- epoxy resin, solvent or water-based carrier, a catalyst 

signed to operate under dry conditions and against ce- 65 curing agent that cross-links the epoxy, and a dispersing 

ramies (primarily lithium aluminum silicate and magne- or emulsifying agent 

sium aluminum silicate, and, thus, the right matrix was Another aspect of this invention is a method of mak- 

not used nor was the right combination of solid lubri- ing anti-Mction coated surfaces subject to sliding loads. 
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The method comprises: (a) providing a light metal FIG. 4 is a highly enlarged microscopic view in 

based cylinder surface ^e., metal base or alloys of alo* cross-section of interfacing surfaces showing the irregu- 

minum» titanium, or magnesium); (b) exposing nonoxi- laxities of normal surfaces that a£fect coulomb friction; 

dized metal of the surface; (c) applying a high elastic FIG. 5 is a view similar to FIO. 4 showmg the mcor- 

modulus load-supporting metal layer onto at least por- S poratton of solid films on the interfacing surfaces and 

tions of the light metal cylinder sur&c^ and (d) simulta- that affect coulomb friction; 

neously distributmg a solvent-based solid film lubricant FIG. 6 is a graphical illustration of the onset of plastic 

mixture and thermoset polymer onto at least portions of ^^w of surface fOms as a function of stress and tempera- 
the layer at about room temperature (the part may be 

heated to a temperature appropriate to fadhtate rapid 10 FIG- 7 is a graphical illustration of surface energy 

removal of the solvent to form an adherent coating) to (hardness) as a function-of temperature for surface 

form a coating of desired thickness. The solid lubricant films; 

mixture comprises at least two elements selected from .^^G* ^ ^ ^ graphical illustration of the coefficient of 
the group consisting of graphite, Mo$2, and BN, and the friction for block graphite as a function of time; 
polymer adheres the mixture to the layer upon flowing .^G- ^ ^ * graphical illustration of the coefficient of 
thereagainst. friction and also of wear as a function of time for the 
The distribution step may be carried out by different coating system of this mvention tested at the tempera- 
species or modes, including: (i) spraying, roller transfer- ^^^^ ^9P.' 

ring, or silk screening an acetate, ketone, or mineral ^9' ^0 a a block diagram showmg schematicaUy the 

spirit emulsion containing the mixture and polymer ^ steps mvolvedm the method of making the coated com- 

foDowed by curing to provide a stable coatmg; (n) ponents of this mvention; 

spraying or roller-transferring, or brush painting or - ' " an enlarged sectional view of a portion of 

imprinting a water-based emulsion containing the mix- 2® P*^^^^"" installed m a cylinder 

ture and the polymer, the emuMon being cured to pro- ^^^'f*. - . .„ 

vide a stable coatmg; or Cm) adhering a tape carrying . ^ ^ schematic illustoation of the mechanics 

the mixture and polymer which is subsequently cured l^^^^^f** ? reciprocating a piston within a cylmder 

The distribution for the above method should be con- ^if ^ ^^^^ ?r*?® P^o» ™f ^^^^ P«>- 

trolled to coat thmly, usually hi the thickness range of ""^^ ?^ the cyhnder bore coating system; 

5-20 nucroas (however, the thickness can be up to 100 ^ rl^3k^ri^^'^ of the coatmg or distnbutmg appa- 

microns);thecoatingishoned,aftercuring.toacoatms ^ 

thickness of 0.001'' or less, as specifi^ However, ^ ^ "^"^ 

higher thicknesses up to 0.003" can be used when cxcep- wTrt^iAi* « i *: 

tional nobecontrolb desired, or to any specified thict „Sl ril Zl«Z^^^J,^r"^ 

J • V- ^ Spray at room temperature the emulsion fonmne part of 

ness under 0.^0" (250 microns) m non-piston system 35 ^ system of this mvention; ^ ^ 

apphcations. The steps a>Hd) may be r^mr^orfy for j^q an alternative apparatu; useful m applying 
that portion of Ae cyhnd«- wall traversed by the shdmg ^ temperature the emiEmixture of tJK- 
load or piston durmg a 60' crank angle of movement ^Jq^. 

from top dead cent^ as this is the range where the piGS. 16 and 17 respectively illustrate plan and ele- 
piston nng/cyhnder bore contact pressure is highest. 40 vational sectional views of still another alWnative ap- 
auotiier aspect of this mvention is a new engme pa^atus useful for applymg at room temperature the 
block with one or more anti-fnction coated cyhnder emulsion coatmg system- 

bore surfaces, compri^g: a hard, load-supporting face piGS. 1« and 19 are r^ectively plan and elcvational 
ontheboresurfacejandacoatogonthefacecomp^^ sectional views of a roUer or imprinting device for 
of an oil-attracting solid lubncant ndxture and a ther- 45 transferring tiie emulsion coating system of this inven- 
moset polymer that supporte loads of at least 10 psi at tion to tiie cylinder bore at room temperature; 
temperatur^of 600 -800 F. and is stable at such tem- piG. 20 is yet still anotiier alternative embodiment 
peratur^. The load supportmg face for the surface of for a roller or hnprint device useful in transferring tiie 
the block may be either a series of spiral grooves ma- emulsion coating system to tiie cylmder bore surfei:e; 
chmed m the cylmder bore wall to create an undulating 50 piG. 21 is a cross-sectional illustration of an mtemal 
face; or a substrate coating of nickel, copper, cobalt, combustion engme contammg tiic product of this inven- 
iron, zmc, and tin; or of mtennetalHc compounds; or of tion showmg one coated cyhnder bore in its environ- 
east iron or steel. The coated block works weU with a ment for reducmg tiie total engine friction, vibration 
piston assembly havmg advanced or conventional pis- and fiiel consumption for the operation of such engine-' 
ton rings; tiie gap between the piston body and tfie 55 FIG. 21fl is a greatiy enlarged cross-section of SFL 
coating is significantiy less (i.e., about near zero piston tape appUed to a cylmder bore wall; and 
to cylmder bore clearance) to reduce gas blow-by and FIQ, 21^ is a greatiy enlarged portion of tfie coated 
additionally reduce engine vibration. bore wall of FIO. 21. 

BRIEF DESCRIPTION OF THE DRAWINGS ^ DETAILED DESGRIFnON AND BEST MODE 
FIG. 1 is a schematic microscopic view of a fragment To achieve a significant reduction m tiie coefficient 

of one coating system of this invention; of friction at high temperatures between normally oil- 

FIG. 2 is a sectional view of a portion of a cylmder bathed metal contact surfaces, loaded to at least 10 psi. 

bore surface that has been spiral-grooved to define lands the coating system cannot rely on graphite or any one 

tiiat render a load-supporting function; 65 lubricant by itself, but latiier upon a specific combina- 

FIG.2A is an enlarged view of a portion of FIG. 2; tion of soUd lubricants in a special polymer that assists 
FIG. 3 is a schematic representation of the forces that in replenishing graphite with water at high tempera- 

mfluence coulomb friction; turcs. As shown in FIG. 1. the inventive system com- 
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prises an outer layer A containing an oil-attracting sdlid will be different from idealized perfect contact friction, 
lubricant mixture comprising at least two elements se- and will depend upon the ratio between shear and yield 
lected from the group consisting of graphite (A-1), stressesof die interengaged surfaces. Thus, the presence 
M0S2 (A-2), and BN (A-3); the mixture is retained in a of a film 16 on each of the interengaging surfaces 17, 18 
thennoset polymer matrix (A-4) which is stable up to 5 (see FIG. 5) will serve to change the coefficient of 
60O'-800" F., adheres the coating to its support, and friction depending upon the shear and yield stress ca- 
provides hydrocarbon attraction (oil attraction). Means parities of the films and their relarive hardness. Where 
B is deployed to support the mixture under loads of at the film is supported by a hump, the shear in the fihn 
least 10 psi at fiOO'-TOO** F. Such means B may be an will be greatest; thus, the asperities or humps facilitate 
intermediate layer or coating, as shown in FIG. 1, ac^ 10 lowering of friction m comparison to a perfectly flat 
ing as a transition zone or substrate between the layer A surface with a film thereon. 

and the interface C. The ingredioits for such intermedi- Friction is also influenced significantly by tempera- 
ate layer should provide an elastic modulus exceeding S ture because high local temperatures can influence ad- 
million psi. The ingredients are selected from the group hesion at the contact points. As shown in FIG. 6, as 
consisting of (0 nicM, copper, iron, zinc, tin, manga- 15 temperature goes up, the critical stress for slip goes 
nese, or cobal^ Cu) intermetallic compounds derived down, thereby increasmg friction. As shown m FIG. 7, 
from nickel, manganese, chromium, aluminum, vana- asthetemperatureapproachesmelting, the hardness (E) 
dium, tungsten, molybdenum, iron, carbon; and (iii) cast goes down. This is accounted for m Uie friction equa- 
iron or steel. As shown in FIG. 1, the intermediate layer tion: 

is comprised of hard particle cores B-1 of Tribaloy 20 f is proportional to l/(Ts-T), Ts being the surface 
containing a lave phases, the hard particles bemg en- temperature and T being the bulk temperature of 

cased in a nickel shell B-2, which shells are f^d to- the sliding part The influence of temperature is 

gether at their outer regions as a result of plasma ther- particularly evident on block graphite, as shown in 

mal spraying of such intermediate coating directly onto FIG. 8. The coefficient for block graphite rapidly 

the interface. The interface is comprised of a light metal 25 increases to above 0.4 at 500" F. and above 0,5 at 
such as aluminum, titanium, or magnesium. SOO** F., and even higher at 1000^ F. The coefficient 

Alternatively, means B may be provided by grooving of friction for graphite at 400** F. or lower becomes 

10 of the interface C preferably spiral grooving for generally uniform at below 0.05. Contrast this with 

Ulterior cylinder surfaces) as shown in FIG. 2. The the coefficient of friction performance and wear 

lands 11 of the parent interface metal, created by the 30 performanceof the coating system of this invention 
grooving, provide the support for loading of at least 10 represented in FIG. 9. You will note that the coeffi- 

psi; the layer A is coated both onto the lands 11 and cient of friction generally uniformly stays below 

within the valleys 12 of the grooves. Upon sliding 0.1, and wear is generally uniform at about 

contact with the opposing surface, the polymer mixture O.OOrVlOO hours at 500" F., in FIG. 9. The coating 

is rubbed away from the lands 11 to provide the me- 35 for FIG. 8 comprises only particle graphite, boron 
chanical support needed. nitride, and a thermoset polymer. 

The inter&ce containing the grooves can be a difFu- The oil-attracting soHd lubricant mixture should 
sion-type hard layer or a cast-in-surface treatment to comprise two elements selected from the group consist- 
achieve a high elastic modulus layer structure such as ing of graphite, molybdenum disulfide, and boron ni- 
alununum ^cate or silicon carbide forming a particle 40 tride. Graphite, when selected, should be present in an 
or fiber-ieinforced metal matrix composite (MMC). amount of 29-58% by weight of the mixture. Graphite, 
The layer A can then f\mction as low shear solid film as earlier indicated, is effective as a solid lubricant only 
lubricant to provide low friction. up to temperatures around 400* F. and possesses a very 

Friction in an oil-bathed environment will be depien- poor load bearing capability such as that experienced by 
dent partiy upon fluid friction in the oil film (layers in a 45 a piston ring scraping against the graphite itself. Molyb- 
fluid sheared at different velocities commonly referred denum disulfide, when selected, should be present in an 
to as hydrodynamic friction), and, more importantiy, amount of 29-58% by weigiht of the mixture, and is, 
dependent on dry or coulomb friction between contact- most importantiy, effective in increasing the load bear- 
ing solid, rigid bodies (also referred to as boundary ing capability (and also stability) of the mixture up to a 
friction). Dry friction is tangential and opposed to the 50 temperature of at least 580' F., but will break down into 
direction ofslidinginterengagement As shown in FIG. molybdenum and sulfur at temperatures in excess of 
3, there is a visualization of the mechanical action of 580* F. in air or nonredudng atmosphere. Molybdenum 
friction. The weight of a block 13 imposes a normal disulfide reduces friction in the absence of oil or ui the 
force N that is spread across several small load forces presence of oil, and, most importantly, supports loads of 
N-1 at each interengaging hump 14 (see FIG. 4). The 55 at least 10 psi at such higji temperatures. Molybdenum 
composite of aU the tangential components of the small disulfide is also an oil attractor and is very useful in this 
reaction forces F-1 at each of the interengaged humps invention. Boron nitride, when selected, should be pres- 
14 is the total friction force F. The humps are the inher- ent in an amount of 7-16% by weight of the mixture and 
ent irregularities or asperities in any surface on a micro- increases the stability of the mixture up to temperatures 
scopic scale. When the interengagmg surfaces are m 60 as high as 700* F. and concurrentiy stabilizes the tern- 
relative motion, the contacts are more nearly along the perature for the ingredients of molybdenum disulfide 
tops of the humps and therefore the tangential reaction and graphite. Boron nitride is an effective oil attractor. 
forces will be smaller. When the bodies are at rest, the Particle size of the individual ingredients may be as 
coefficient of friction will be greater. Friction is influ- follows: graphite is introduced into the mixture in the 
enced by the attraction of the two surfaces, the defor- 65 range of 0.5-45 microns, molybdenum disulfide in the 
mation and tearing of surface irregularities, hardness of range of 0.3-45 microns, and boron nitride at about five 
the interengaged surfaces, and the presence of surface microns. The mixture is typically ball-milled to produce 
films such as oxides or oils. As a result, actual friction an average particle size of 0.3-10 microns. Boron nitride 
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is capable of supporting loads of five psi, but as part of The polymer also should contain a curing agent present 
the mixture with gr^hite and boron nitride in the afore- in an amount of 2-5% of the polymer such as dicyanidi- 
mentioned epoxy polymer, loads as high as 500 psi at mide; the polymer may also contain a dispersing agent 
temperatures up to 400" F. can be supported. present in amount of 0.3-1.5% such as 2, 4, 6 tri dhneth- 

The optimum mixture contains all diree ingredients, 5 ylamino ethyl phenol. The carrier for such polymer 
which will provide for a temperature stability up to may be mineral spirits or biityl acetate- 
temperatures as high as 700'* F., load bearing capacities Both Tribaloy, stainless steels such as iron-man- 
well above 10 psi, and excellent oil attraction capability. ganese-chromium or iron-mckel-chromium alloys, nick- 
However, graphite/MoS2 is also a worthwhile combi- el-chromium and aluminum alloys, and the thermoset 
nation in that the mixture is stable up to 500** F. as an oil 10 polymer have a very important characteristic in that 
attractor and supports loads of at least 10 psi; gra- they are not affected by formic acid which is formed 
pbite/BN is stable up to temperatures of TCX)" F., has when an engine is fueled with flex fizel, such as contain- 
good oil attraction characteristics, and will support ing methanol. 

loads of at least 10 psi; M0S2/BN is a combination that An extremely important and new feature of the in- 
has excellent temperature stability, oil attraction, and 15 ventive solid lubricant system herein is a lower coeffid- 
loading bearing capacity. The combination of all three ent of friction at higher temperatures and while in the 
elements will provide a coefficient of friction which is environment of an oil-bathed interfacing contact, and 
in the range of 0.07-0.08 at room temperature and a provides lubrication and protection against scufEing 
coefBcient of friction as low as 0.03 at 700* F. The latter even when oil fails and oil film is lost Under these 
is particularly beneficial as an impregnant onto a porous 20 severe conditions, conventional surfaces rubbed by cast 
substrate (such as plasma sprayed hard metals). iron or steel piston rings show rapidly increasing fric- 

The system of this invention can be used not only for tion and experience scuffmg failures in only a few sec- 
cylinder bore coatings, but also for engine camshafts, onds. However, with the solid film lubricant herein, 
compressor elements, oH pumps, air conditioning equip- coating scuffing does not occur even after long periods 
ment, transmission gears, and starter clutches, all of 25 of exposure to severe thermal environments. The coeffi- 
which experience some degree of wet lubrication. The cient of friction for such system at 750° F. is in the range 
system is most beneficial to a wet lubricated cylinder of 0.02-0.06. In addition, this coating has excellent noise 
bore since it experiences reversion between oil-bathed attenuation characteristics which reduce the piston 
and oil-starved conditions regularly. The oil-starved noise significantly while providing unproved gas blow- 
condition is experienced at engine star^up where about 30 by during engine operation, particularly in case of alu- 
35 strokes of the piston is without oO until engine minum engine blocks, 
reaches lOOO rpm and operating temperature. p«v^ nf Malrinp 

A number of solid lubricants, which lack the charac- JTOcess 01 msuang 

teristics needed for this invention, are as follows: Tef- As shown in FIG. 10, the comprehensive method 
Ion, \malloyed and stress passivated nickel, copper, and 35 steps for making coated cylinder bore walls comprise: 
iron all are oil phobic, and other solid lubricants such as (a) providing a Ught metal bore surface 15 either as part 
PTFE (Teflon) filled coatings or PTFE itself, WS2 of a hner insert 16 or as part of the parent bore 17; (b) 
(tungsten disulfide), are not load supporting for hydro- exposing fi-esh metal of the bore surface 15 for coating; 
dynamic lubrication mode nor have the necessary tern- (c) modifying the bore surface 15 to support loads of at 
perature stability at temperatures 60O*-7O0° F. Temper- 40 least 10 psi; (d) coating a solid lubricant mixture and 
ature stability is important because typical engine cylm- polymer matrix A onto the modified surface; (e) curing 
der bore wall will, at certain zones thereof and under the matrix; and (f) assemble the liner insert 16 to the 
certain engine operating conditions (such as failure of cylinder block parent bore 17, if used. It is preferred to 
coolant or oil pump, etc.), experience temperatures as coat the parent bore surface 17 of a cylinder block 18 
high as 700° F. even though the hottest zone of the 45 directly to reduce the steps needed to prepare the block 
cylinder bore surface in the combustion chamber is only 18. If a liner insert is use^ it is adapted for a shrink-fit 
540' F. within the receiving cavity or bore 17 of the'cylinder 

If the means for supporting the mixture under loads block as shown m FIG^ 11. The liner insert may be 
of at least 10 psi at high temperatures is an underlayer or coated independently of the block for ease of manipula- 
intermediate layer, such layer should have ingredients SO tion and ease of access to the interior of the liner. The 
that are selected to be resistant to compressive shear liner would be constituted of the same or similar mate- 
and resist plastic deformation, and possess a high elastic rial as that of the parent bore 17; a light metal alloy, 
modulus and shear stress. Ingredients effective for such selected from the group of aluminum, magnesium, and 
intermediate layer comprise alloys of iron, alnmimim, titanium, is used for the bore surface. However, the 
nickel, vanadium, tungsten, manganese, molybdenum, 55 liner can be any metal that has a higher strength as the 
and chromium, which contain extremely hard interme- metal of the parent bore wall; this is often achieved by 
talHc particles such as lave phases (such as in Tribaloy). making an alloy of the metal used for the parent bore 
The ingredients of such underlayer should have an wall. For example, 0355 or C-356 aluminum alloys for 
elastic modulus exceeding 5 million psi. Nickel alloys the liner are stronger than the 319 aluminum alloy com- 
have an elastic modulus of 27 milion psi, silicon carbide 60 monly used for aluminum engme blocks. The liner must 
of 60 million psi, tool steel of 29 million psi, cast iron of have, generally, thermal conductivity and thermal ex- 
17 million psi, nickel oxide of 24 million psi, and Triba- pansion characteristics essentially the same as the block, 
loy of 30 milhon psi. The manner of assembling the liner to the block is de- 

The thermoset polymer is preferably comprised of a scribed later, such as by use of a thermal bonding layer 
thermoset epoxy, such as bisphenol A, present in an 65 19 of flake copper in an epoxy matrix. The liner may 
amount of 25-40% of the polymer, such epoxy being of also be cast-in-place while casting the bore wall, 
the type that cross-links and provides hydrocarbon and Exposing fresh metal of the bore surface 15 may 
water vapor transfer to graphite while attracting oil. comprise wire brushing (using a hardened stainless steel 
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wire diameter of about 0.004 inches) to produce approx- der preferably contains particles of the hard phase B-1 

imately 130-lSO micro-inch surface Hnish without any entrained within a shell B-2 of a softer adherent metal 

significant metal removal. This step can be avoided by such as nickel, cobalt, or copper. The particle size is 

rough-machining the bore surface (to 130-150 micro- desirably in the range of 35-60 microns. Grains of 30-55 

mch or coarser surface roughness, if desired) and then 5 microns are freely flowable, which is necessary for 

degreasing and applymg the coating. The surface is feeding a plasma gun. If less than 30 microns, the pow- 

prepared by degreasmg with OSHA approved solvent, der will not flow freely. If greater than 55-60 microns, 

such as ethylene dichloride, followed by rinsing with stratification will occur in the coating lacking uniform 

isopropyl alcohol. The surface is grit blasted with clean cominglmg of the particles. This does not mean that 

grit. Alternately, the surface can be cleaned by etching 10 particle sizes outside such range must be scraped for an 

with <mute HF acid f<>llowed by dilute HNO3 and then economic loss; rather, the finer particles can be agglom- 

washed and nnsed. Wire bruslmig ako helps to move erated with wax to the desired size and oversized parti- 

the metal aiojmdwlliom ^1^3 can be ball-milled to the desired size. Thus, all 

wire brush should have a hardness of at least Rc 45, ^^^er grains can be used. Hie parameters of plasma 

preferably about Rc 55. It is sometim^ d^nable to 15 g ^^^^^ preferably be as follows: 10-40 KW of 

^^^f^?"^ ^^^''^f i.'T^'^**^ power for conv^tional plasma spray equipment, anda 
a«d ddntedm wa eror dcohol T^e ^^j^ ^5.25 i^^th a gas aspi- 

etchmg exposes elemental metal that facilitates adher- IZ.^ r^^A^^ a««**.«, & y 

ence of the coating A thereto, rated powder mduction system. 

It is, in most cJes, ne^Ly to prepare a coatable 20 ^ Alternatively the load supportmg modification may 

surfaSlSthatisase^en^f AeStore^^ be earned out by sp«a^ ^oovrng of the parent bore 

17orlinerinsertl6. S^hsegment^C^TSS 'f^'' f '^^^ ^ ^^^^^^^^ ^^^^^^ 

for depositing the underlay^coating 13 which is a '^J^f f^^^ be ^entially a double 

load s^^g modification. As shown in FIG. 12, the f^^^ ""Jl^^^ T"^. '^"""^^ 

location of conventional sliding piston rings.22 moves 25 f^^ei^etweenof 10-150 microns, and a depth of approK- 

hnearly alongthebore waUadistance20. Such interfac- "^^^ly the maxmium width. ,^ , , 

mg locus of the piston rings is moved by the crank ann , " "^^J^^ **y®' ^^^^^ ^^^'^ 

21 during an angle representing about 60' of crank 5?^,°!f*^ powders, d^nbed above, mixed with sohd 

movement This distance is about i of the ML linear ^ lubncants described earher, namely, Mo§2, graph- 
movement of the piston rings (between top dead center 30 encapsulated m nickel or cobalt shells. 
(TDQ and bottom dead center <BE)C)). The distance ^^^^ encapsulates the solid fihn lubri- 
20 represents the hottest zone of the bore wall where ™" chrome or ferro manganese may be 

variably lubricated contact and high contact pressure is introduced to produce a very hard matrix deposit due to 

most susceptible to drag and piston slap and which is interaction with nickel m the hot plasma flame. This is 

the source of a significant portion of engine friction 35 a very desirable condition for reduced-wear without an 

losses. Such contact in such zone causes scuffing of the increase in friction. In such cases, only a very thin upper 

bore wall in case of partial or fiiH failure of liquid lubri- solid fihn lubricant coating (A) is needed, 
cant distribution step applies the solid lubricant mix- 

The bore surface may be modified for supporting ^® *® modified surface. The coating mixture 

loads preferably by plasma spraymg of a hard metal- 40 should have the chemistry previously disclosed as com- 

lized support coating B, as shown m FIG. 1 The plasma prising a thennoset polymer and solid film lubricant 

spraying may be carried out by equipment, as illustrated Such mixture is applied at room temperature as an emul- 
in FIG- 13, using a spray gun 30 having a pair of interior using extremely fine particle size (such as — 325 

electrodes 30a and 30^ that create an arc through which mesh) sohd lubricants. An extremely fine particle size is 

powdered metal and inert gas are introduced to form a 45 important because it contributes to proper wear of the 

plasma. The powder metal may be introduced through coating as it shapes itself during piston use and advanta- 

a supply Ime 90 connected to a slip ring 91 that in turn geously suspends the very fine worn particles in the 

connects to a powder channel 92 that delivers to the engine oil system adding to the reduction of the coeffici- 

nozzle 38. The plasma heats the powder, being carried ^t of friction throughout the entire engine where the 

therewith, along only the outer shell of the powder 50 oH is applied, 

grains. The gun is carried on an articulating arm 33 There are three major modes of distribution disclosed 

which is moved by a journal 34 carried on an eccentric by this mvention, includmg spraying, roller transfer, 

positioner 32 carried on a rotating disc 31 driven by said tape pasting. 

motor 31a The nozzle 38 of the gun is entrained in a Emulsion spraying is advantageous because it is fast 

fixed swivel journal 36 so that the spray pattern 37 is 55 and easily reprogrammable. The solvent for the emul- 

moved both armularly as well as hnearly up and down sion of particles can be water-based or mineral spkits. 

the bore surface 15 as a result of the articulating motion The viscosity of the emulsion must be controlled to 

of the gun. The nozzle may also be designed to extend about 450 cpu to facilitate such spraying. As shown in 

deep into the bore to establish a spray pattern. FIG. 14, spraying may be carried out by an articulating 

The powder used for the plasma spray has a metal or 60 spray nozzle 40 held m articulating apparatus 39 similar 

metal alloy selected from the group, previously men- to that shown in FIG. 13. The spray nozzle 40 has its 

tioned, of: (i) nickel, copper, iron, or cobalt; (ii) interme- upper end moved in a circular horizontal linear pattern, 

tallic compounds derived firom nickel, chromium, ala- as a result of the eccentric rotation of the disc 41, and its 

minum, vanadium, iron, manganese, etc., particularly lower end is maintained in a relatively fixed position but 

Tribaloy, containing extremely hard lave phases or 65 permitting swiveling. This results in a sprayed coating 

containing silicon carbide particles; and (iii) cast iron or A which can cover extensive portions of the cylinder 

steel, particularly stainless steels or iron-chrome-nickel bore wall or can be restricted to a short segment of the 

or ux)n-chrome-manganese-nickel steel types. The pow- bore wall. 
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An alternative apparatus for spraying i& shown in 
FIO. 15, which rotates an emulsion clKamber 42 about 
the axis 43 of the bore surface 15 by use of a chamber 
arm 44 joumailed in a sleeve 45. The chamber 42 has a 
spray arm 46 depending from an eccentric position of S 
the chamber, and has a nozzle 47 which is canted (at an 
angle of about 60* to arm 46) so that, upon rotation of 
the chamber 42, the nozzle 47 sprays across the diame- 
ter of the mterior of the cylinder bore 15 so as to coat 
more directly a limited segment of the bore wall. 10 

Another mode for spraying the emulsified solid lubri- 
cant mixture is shown in FIOS. 16 and 17. An annular 
chamber 21 of a diameter 22, significantly smaller than 
the diameter 27 of the cylinder bore 15, is carried on a 
feed column 23 which is raised and lowered along the IS 
axis 24 of the cylinder bore; The chamber 21 has a 
series, or at least one horizontal row, of surrounding 
spray outlets 25 which form nozzles for emitting the 
emulsion contained within the chamber; this provides a 
complete annular spray pattern 26 that coats the entire 20 
mterior periphery of the cylmder bore snnultaneously. 
This achieves a uniform coating with greater rapidity. 

The second major mode of distribution is that as 
shown in FIGS. 18 and 19, wherein the emulsion is 
painted either by brush or by a roller transfer mecha- 25 
nism. A foraminous roller 48 containing a supply of the 
emulsion is brought tangentially into contact with an 
applicator roller 49, The applicator roller 49 contains an 
absorbent covering that, when pressed against the inte- 
rior of the cylinder wall, imprints the emulsion onto 30 
such surface. The forammous roller and applicator rol- 
ler are maintained on respective journals 50 and 51 
which allow for their rotation along an axis parallel to 
the axis 52 of the cylinder while in respective tangential 
contacts with each other and with the cylinder wall, as 35 
described. Thus, when the applicator roller 49 is tan- 
gentially pressed against the cylinder bore wall 15 of the 
liner insert 16, and caused to rotate about its journal 51, 
this in turn causes the foraminous roller to turn there- 
with constantly feeding new emulsion, contained as a 40 
reservou: within 48, to the absorbent coating of the 
imprinting applicator roller. Alternatively, as shown in 
FIO. 20, the imprinting equipment may comprise a 
single drum 53 carrying axially aligned absorbent ribs 
54 which permit transfer of the emulsion contained 45 
interiorly within the drum 53 to the cyUnder bore sur- 
face 15 of insert 16 and it is tangentially rolled in contact 
thereudth. The drum is carried by a leg 55 connected 
eccentrically to the drum; the leg rotates about the axis 
56 of the cylinder wall withm a journal 57. The leg is SO 
fed with emulsion by a slip connection at 58. 

The third major mode of emulsion application is by 
way of a coated tape 60. The tape may have a support- 
ing paper 61 impregnated with silicone 62. The solid 
film lubricant mixture and polymer coating A is applied 55 
to such siliconized paper prior to placing on the bore 
surface 15 and is also partially cured prior to implanting 
the tape. The thickness of the coating A is carefully 
controlled to be uniform, thereby eliminating post ap- 
plication grinding. Such partial curing should be at a 60 
temperature of about 215' F. for about 15 minutes. If the 
solvent for the polymer of coating A is mineral spirits or 
acetate, then the curing should be at 250'' F. for the 
same period of time. Tlie coated siliconized tape is 
placed in a precise position on the interior of the bore, 65 
such as by robotic implantation, with the coating A 
facing the bore wall, as shown in FIG. 21a. The coating 
is then fidly cured by heating to 150* F. for 15-30 min- 
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utes. To facilitate adhesion to the bore surface, the bore 
surface is bathed in the conventional solvent such as 
methyl ethyl keytone or butyl acetate; when the tape is 
pressed on the bore wall 15, the solvent layer interacts 
with the epoxy thermoset polymer and bonds to the 
bore surface. The siliconized paper is then peeled off. 
Only the final curing is carried out with tiie tape in 
place at a temperature of about 100'-150' F. for 15-30 
minutes. Alternatively, (i) the same formulation with a 
much lower viscosity is brushed on the bore surface and 
then the emulsion carrying tape is pressed onto such 
surface followed by curing, or (ii) an appropriate micro- 
wave or electrocute may be carried out for only a few 
seconds in place of thermal curing. 

The assembly step is necessary when a liner is used 
such as shown for FIGS. 13-21. The liner 16 can be 
either frozen to about a temperature of —40° F. while 
mamtaining the block at room temperature, or the block 
itself may be heated to about 270*" F. while the liner is 
retained at room temperature. In either case, a shrink-fit 
is obtained by placing the liner in such differential tem- 
perature condition within the block. Preferably, the 
liner is coated on its exterior surface with a copper flake 
epoxy mixture 66 (see FIG. 11), the epoxy being of the 
type similarly described previously for use m coating A. 
The copper flake within such thermoset epoxy coating 
assures not only an extremely solid bond between the 
liner and the light metal parent bore but also increases 
the thermal transfer therebetween on a microscopic 
scale. The copper content of the coating 66 may be 
about 70-90% by weight. Such layer will act as a noise 
attenuator. 

The deposited thickness of the coating A should be 
about 20-140 microns. The action of piston rings on 
such coating during start-up will self-polish or glaze 
such coating with minimum wear of less than 5-10 
microns while automatically creating zero clearance if 
the piston rings have controlled unit loads. 

Yet another aspect of this invention is the completed 
product resulting from the practice of the method and 
use of the chemistry described herein. The product is an 
engine cylinder block 18 having anti-friction coated 
cylinder bores 17, comprising: (a) a cast alummum alloy 
based cylinder block 18 having at least one cylinder 
bore wall 17; (joi) a hard load-supporting face 67 on the 
wall; and (c) an oil-attracting solid lubricant mixture 
and thermoset polymer combination 68 that supports 
loads of at least 10 psi at temperatures of 600^-800** F. 
and is stable at such temperatures, the mixture having at 
least two elements selected from the group consisting of 
graphite, molybdenum disulfide^ and boron nitride, the 
thermoset polymer having inherently high hydrocarbon 
chemical attraction and being adbereable to the face 
upon flowing thereagainst with temperature stability of 
600''-700' F. 

Such product is characterized by a reduction in pis- 
ton-cylinder friction in such engine of at least 25% 
because of the ability to operate the engine with a near 
zero clearance 68 (piston 79 to cylinder bore 15, see 
FIG. 2V>) as well as a reduction in mechanical boundary 
friction. The use of coating A may compensate for any 
out-of-roundness of the bore to piston by break-in wear. 
Furthermore, such product provides for a reduction in 
engine hydrocarbon emissions by at least 25% when 
used in combination with piston ring designs (disclosed 
by the inventor hereof in concurrentiy filed patent ap- 
plications) which reduce the crevice volume of the 
piston. The blow*by of the engine (combustion gases 
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blowing past the piston rings) is reduced by about 25% nadium, tungsten, iron, manganese, molybdenum; and 
because of the near zero clearance combined with the (iii) cast iron or steel. 

piston ring design just dted. Furthermore, the tempera- 4. The system as in claim 1, in which solid lubricants 
ture of the coolant oil, used to maintain proper tempera- have a particle size below one micron, 
tore of the engme, can be reduced by 20" because a 5 5. The system as in clahn 1, in which solid lubricants, 
significantly lower viscosity oil can be used with this when present, comprise 29-58% by weight graphite, 
change the oil temperature can be reduced by at least 29-58% by weight molybdenum disulfide, and 7-16% 
50° F., which, coupled with the avoidance of tarry by weight boron nitride. 

deposit formation on the combustion chamber surfaces 6. The system as in claim 1, in which said thermoset 
and an increase in the compression ratio of the engine 10 polymer is comprised of a thermoset epoxy resin, a 
by at least one, becomes possible, with attendant im- thermoset solvent or water-based carrier, a catalyst 
provement in fuel economy and power. curing agent that cross-links said epoxy resin, and a 

Another significant aspect of the coated block, in dispersing or emulsifying agent, 
accordance with this invention, is the ability to resist 7. The system as in claim 1, in which the system coats 
formic acid, formed using flex fuels containing metha- 15 the interior cylinder bore or metal liner of an internal 
nol. Typically, an engine would have its surfaces de- combustion engine subject to a temperature of at least 
grade at 20,000 miles or greater as a result of the forma- 600** R 

tion of formic add under a peculiar set of engine condi- 8. The system as in daim 1, in which said solid lubri- 
tions with such flex fuels. With the use of the coated cant mixture is comprised of graphite, MoS2> and BN, 
bore walls, such resistance to formic add corrosion is 20 said support means is Tribaloy with lave phases, and 
eliminated. Moreover, the coated product obtains said thermoset polymer is a cross-linked epoxy. 
greater accuracy of roundness within the cylinder bore 9. The system as in claim 1, in-which said polymer is 
as the conventional rings ride thereagalnst, contributing comprised of a water-based carrier, 
to the reduction in blow-by as mentioned earlier. 10. A method of making anti-fricdon coated cylinder 

The coated block plays an important role in the over- 25 walls subject to sliding loads, comprising: 
all operation of engine effidency. As shown in FIG. 21, (a) providing a lig^t metal-based cylmder surface; 
the block has an interior cooling jacket 69 along its sides (b) exposing nonoxidized metal of said cylinder sur- 
and cooperates to recdve a head 70 containing intake fac^ ~ 

and exhaust passages 71, 72 opened and dosed by intake (c) applying a high elastic modulus load-supporting 
and exhaust valves 73, 74 operated by a valve train 75 30 metal layer, the metal layer containing one or more 
actuated by camshafts 76. The combustible gases are of the solid film lubricant, onto the light metal 

ignited by spark ignition 77 located centrally of the cylmder surface; and 

combustion chamber 78 to move the piston 79, which in (d) distributing simultaneously a solvent-based solid 
turn actuates a connecting rod 80 to turn a crankshaft 81 film lubricant mixture and thermoset polymer onto 

rotating within a crank case 82. Oil is drawn from the 35 at least portions of said metal layer at about room 
crank case 82 and splashed within the interior of the temperature to form a coating of desired thickness, 

block 18 to lubricate and bathe the piston 79 during its the solid lubricant mixture comprising at least two 

redprocal movement therein. The cooling fluid circu- dements sdected firom the group consisting of 

lates about the cylinder bore wall to extract heat there- graphite, M0S2, and BN, and the polymer adhering 

from, which influences the efficiency of the engine if 40 said mixture to said layer upon flowing there- 
too much heat is extracted or needed to be extracted. against. 
We claim: 11. The method as in claim 10, in which said distribu- 

1. A solid film lubricant system useful in coating a tion step is carried out by spraying one of an acetate 
metal wear internee subject to high temperatures, com- ketone or mineral spirit emulsion containing the solid 
prising: 45 film lubricant mixture and polymer foUowed by curing 

(a) an oil-attracting solid lubricant mixture compris- to provide a stable coating. 

ing at least two dements sdected firom the group 12. The method as in claim 10, in which said distribu- 
consisting of graphite, M0S2 and BN; tion step is carried out by roller-transferring a water- 

(b) means effective to support said mixture imder based emulsion containing said mixture and said poly- 
loads of at least 10 psi at temperatures of 600^-800° 50 mer, said emulsion being cured to provide a stable coat- 
F. while being stable at such temperatures said ing. 

support means being on said metal wear mterface; 13. The method as in daim 10, in which said distribu- 
' and don step is carried out by adhering a tape carrying said 

(c) a thermoset polymer matrix adhering said mixture mixture and said polymer, said tape being subsequently 
to said support, said polymer being stable at 55 cured to provide a stable coating. 

600"-700' F. and having inherent chemical attrac- 14. The method as in daim 10. m which said distribu- 
tion for oil lubricants. tion step (d) is carried out so that said coating is con- 

2. The system as in claim 1, in which said means for trolled to a thickness range of 120-150 microns and said 
supporting the mixture comprises inter&ce lands that coating is honed after curing to a coating thickness of 75 
extend above the polymer. 60 microns (0.003") or less. 

3. The system as m daun 1, in which said means for 15. The method as in claim 10, in which said step (c) 
supporting the mixture comprises a material between is carried out to a restricted zone of said cylinder wi&Sl 
said polymer and said metal wear interfece that pro- traversed by the sliding piston rings during a 60^ crank 
vides a shear modulus exceeding 5 million psi, said ma- angle of movement. 

terial being comprised of an ingredient selected from 65 16. A method of making anti-friction coated light 
the group of (i) metals or alloys of nickel, copper, iron, metal cylinder bore walls subject to sliding loads and 
zinc, tin, manganese, or cob^^ (ii) intermetallic com- wet lubrication, comprising: 
pounds derived from nickel, chromium, aluminum, va- (a) exposing fresh metal of said walls; 
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(b) modifying said fresh metal to provide a load sup- 
porting cf^ability; 

(c) coating said modified fresh metal with a solid 
lubricant containing mixture, said mixture compris- 
ing an emulsion of solid lubricant particles and 5 
thermoset polymer, said solid lubricants being at 
least two dements selected from graphite, M0S2, 
and BN; and 

(d) curing said coating. 

17. The method as in claim 16, in which said emulsion 10 
is water-based and applied at about room temperature. 

18. A cylinder blodc for an internal combustion en- 
gine having one or more anti-friction coated cylinder 
bores, comprising: 

(a) a cast aluminum-based cylinder block having at IS 
least one cylinder bore surface; 

(b) a hard load-supporting face-on said bore surface; 
and 

(c) a coating on said face comprised of an oil-:attract- 
ing solid lubricant mixture and a thermoset poly- 20 
mer that supports loads of at least 10 psi at tempera- 
tures of 60O*'-80O'' F. and is stable at such tempera- 
tures, the mixture having at least two elements 

25 



30 



selected from the group consisting of graphite, 
molybdenimi disuliide, and boron nitride, the ther- 
moset polymer havmg inherently high hydrocar- 
bon chemical attraction and being adhereable to 
said face upon flowing thereagainst with tempera- 
ture stability at 600'-800** F. 

19. A cylinder block as in claim 18, in which said face 
comprises spiral lands on said bore surface. 

20. A cylinder block as in claim 18, in which said face 
comprises a material between said polymer and -bore 
surface that provides a shear modulus exceeding 5 mil- 
lion psi. 

21. A cylinder block as in claim 18, in which said 
solid lubricant mixture and thermoset polymer provide 
a coefBcient of friction of less than 0.03-0.07 at 
600"-80O* F. accompanied by full or partial oil lubrica- 
tion. 

22. A cylinder block as in claim 18, in which said 
solid lubricant mixture and thermoset polymer are pres- 
ent in a coating thickness of 15-130 microns and present 
a reduction of engine vibration of at least 15-20%. 

« * « * « 
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